Osteonecrosis of the femoral head • Bone marrow mesenchymal stem cells • Bone morphogenetic protein 2 • Basic fibroblast growth factor • Demineralized bone matrix Abstract Background: This study investigated the effect of using adenovirus-mediated expression of bone morphogenetic protein 2 (Ad-BMP-2) and basic fibroblast growth factor (bFGF) in bone marrow mesenchymal stem cells (BMSCs) in combination with a demineralized bone matrix (DBM) to repair osteonecrosis of the femoral head (ONFH) in Beagle dogs. Methods: A total of 30 Beagle dogs were selected for the isolation of BMSCs, which were cultured and transfected with the recombinant adenovirus vector Ad-BMP2-bFGF-GFP (carrying BMP-2 and bFGF) or a control adenovirus plasmid (encoding green fluorescent protein (Ad-GFP)). The expression of the transfected BMP-2 and bFGF proteins was detected by Western blotting. After transfection, the BMSCs were induced to undergo osteoblastic differentiation. The DBM was prepared to construct a DBM/BMSC complex. Beagle models of canine femoral head defects and necrosis were established and divided into control, DBM, DBM/BMSC, vector Ad-BMP2-bFGF-GFP and Ad-GFP groups. The composite graft was then implanted, and new bone morphology was visualized via X-ray at 3, 6 and 12 weeks after the operation. Hematoxylin and eosin (HE) staining and Masson's trichrome staining were used to identify new bone formation. Immunohistochemistry was performed to calculate the density of new blood vessels. The compressive and bending strength of the BMSCs was evaluated at 12 weeks after the operation. Results: BMSCs were successfully isolated. The protein expression of BMP-2 and bFGF was significantly higher in the Ad-BMP-2/bFGF group than the normal and Ad-GFP groups. Compared with the control group, at 12 weeks after the operation, the DBM, DBM/BMSC, vector Ad-BMP2-bFGF-GFP and Ad-GFP groups showed a larger area of new bone, higher X-ray scores, greater neovascularization density, and increased compressive
Introduction
Osteonecrosis of the femoral head (ONFH) is a common condition in young adults and is generally refractory to treatment. The pathogenesis mechanism for ONFH is poorly understood [1] , despite that the incidence of the condition is increasing with the rapid economic development in many countries [2] . As ONFH progresses, it can eventually result in femoral head collapse and degenerative changes to the hip joint if effective treatment is not implemented [3] . Various surgical procedures, including core decompression [4] and various types of osteotomies [5] , have been used to maintain femoral head stability and to avoid unpredictable results in younger patients [6] ; however, despite some progress, effective treatment for ONFH remains a challenge [7] .
Cell therapy has recently emerged as a potential regenerative treatment [8] . Mesenchymal stem cells (MSCs) have the capacity for self-replication, differentiation, and regeneration [9] . Among MSCs, bone marrow mesenchymal stem cells (BMSCs) have vast potential for tissue engineering as well as regenerative medicine [10] . The injection of MSCs, such as BMSCs, into the femoral head has been proven effective for treating osteoarticular disease [11] . Demineralized bone matrix (DBM), composed of bones in which the mineralized portion has been removed while maintaining the organic matrix and growth factors [12] . It is frequently used for bone repair because of its osteoinductivity [13] . Bone morphogenetic proteins (BMPs) are gaining attention in the area of bone repair due to their capacity for auto-induction [14] ; they can induce the differentiation of MSCs under some culture conditions [15] . BMP-2, one of the most effective osteoinductive proteins, facilitates osteoblast differentiation, and prior studies have demonstrated that bone repair can be accomplished through the application of BMP-2 [14, 16] . Basic fibroblast growth factor (bFGF) has important roles in a wide variety of cellular functions, including cell multiplication and angiogenesis [17] , and due to its effects on gene expression and angiogenesis, it is a key factor during bone repair [18] . Adenovirus vectors have proven to be potent gene delivery vehicles that can be used to genetically manipulate cells [19] . Genetic manipulation of MSCs requires highly efficient gene delivery, and recombinant adenovirus has been extensively used as a gene transfer vector in this context [20] . Although both BMP2 and bFGF play important roles in bone repair, few studies have studied the efficacy of using recombinant adenovirus to deliver these proteins to treat ONFH. Therefore, this study aimed to investigate the role of Ad-BMP-2/bFGF-modified BMSCs combined with DBM in the repair of ONFH.
Materials and Methods

Ethics statement
Experiments were conducted under uniform conditions in our institutional animal laboratory and were approved by the Affiliated Hospital of Guizhou Medical University and Guizhou Health Information Center.
Isolation of BMSCs from Beagle dogs
Thirty Beagle dogs (animal permit no: SCXKG2008-0002; age: 6 months; weight: 8-12 kg; no gender restriction) were obtained from the Affiliated Hospital of Guizhou Medical University and Guizhou Health Information Center. All dogs were intravenously pre-medicated with 3% pentobarbital sodium (1 mL/kg; No: 20090222-09, Tianjin Chemical Reagent Co. Ltd., Tianjin, China), and bone marrow (4-6 mL) from their left and right iliac crests was collected and then added to canine lymphocyte separation fluid to isolate BMSCs (1:1, No: LTS1079, Tianjin TBD Co. Ltd., Tianjin, China). Dulbecco's Modified Eagle's Medium (DMEM) F12 culture fluid supplemented with 10% fetal bovine serum and 100 IU/mL PS double antibody (No: SH30023.01B, HyClone, Logan, UT, USA) was then added. The samples were inoculated in culture bottles (25 cm 2 , 4 mL per bottle) after mixing and cultured at 37°C under a constant temperature with 5% CO 2 . The cultured cells were examined using an inverted microscope to record cell growth and morphological features until the confluency reached 80-90%. Third-generation BMSCs were obtained after centrifugation, resuspension and subculture using a room-temperature digestion method (RTDM) with trypsase (No: BR-08211, Sigma-Aldrich, Inc., St. Louis, MO, USA). This process was repeated 3 times to obtain a cell suspension (2 × 10 6 /mL), which was then pressed through a 200-mesh filter. A total of 100 µL of the cell suspension was added per flow cytometry test tube. Following this, FITC-or PE fluorescent-labeled monoclonal antibodies against the surface antigens CD34 (No: 12-0340, eBioscience, Inc., San Diego, CA, USA), CD45 (No: 12-5451, eBioscience, Inc., San Diego, CA, USA), CD90 (No: 12-5900, eBioscience, Inc., San Diego, CA, USA), and CD105 (No: 25-1057, eBioscience, Inc., San Diego, CA, USA) as well as isotype control antibodies (5 µL per tube) were added, and the tubes were incubated for 15 min in the dark. The surface antigens were detected by flow cytometry; analysis was carried out with FCS Express 5 software (De Novo Software, Inc., Glendale, CA, USA).
BMSC transfection
The adenovirus vector plasmid Ad-BMP2-bFGF-GFP (containing the BMP-2 and bFGF genes) and the adenovirus vector Ad-GFP were purchased from Benyuan Zhengyang Gene Technology Co., Ltd. (Beijing, China). Second-generation BMSCs were inoculated in 12-well culture plates, digested and counted. The BMSCs were then transfected at a multiplicity of infection (MOI) of 50, 100, 200 or 400. According to the number of positive cells detected by fluorescence microscopy after 48 h, the transfection efficiency was calculated to obtain the optimal MOI. The second-generation BMSCs were randomly divided into two groups, and Ad-BMP2-bFGF-GFP and Ad-GFP were then added to each group (MOI = 100). A constant volume of 400 μL of low-glucose Dulbecco's Modified Eagle's Medium (L-DMEM) was maintained. After cell transfection, the cells were maintained at a constant temperature of 37°C for 2 h, after which 40 μL fetal calf serum and 500 μL complete medium were added into each well. The cells were then incubated at a constant temperature for 48 h. Following this incubation, the medium was replaced, and the cells were observed and photographed under a fluorescence microscope. The medium was changed every 2 days, and the cells were passaged when the confluency reached 80-90%.
Western blotting
Cells were collected 48 h after transfection with Ad-BMP2-bFGF-GFP, and IP cell lysis solution (No: P0013, Shanghai Beyotime Biotech Co. Ltd, Shanghai, China) was used to extract total cellular protein.
The protein was visualized by Western blotting as follows. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed at a constant voltage on 50 μg of denatured protein, and the electrophoresis products were transferred onto a polyvinylidene fluoride (PVDF) membrane using a semidry method. Then, the membrane was blocked with 5% skimmed milk powder for 2 h at 4°C. A mouse BMP-2 monoclonal antibody (No: ab6285, Abcam Inc., Cambridge, MA, USA) and a mouse bFGF monoclonal antibody (No: ab10419, Abcam Inc., Cambridge, MA, USA) were incubated with the membrane as primary antibodies for 10 h at 4°C, after which the membrane was washed 4 times with Tris-buffered saline plus Tween (TBST) for 10 min per wash. Goat anti-mouse IgG (No: ab6788, Abcam Inc., Cambridge, MA, USA) labeled with horseradish peroxidase was used as a secondary antibody. The membrane was incubated with the secondary antibody for 2 h at 37°C and again washed 4 times with TBST for 10 min per wash. An ECL kit was used as the chromogenic agent. The ratio of the gray level between target and reference proteins was used to indicate the relative amounts of BMP-2 and bFGF, with β-actin being used as an internal control.
Preparation of decalcified bone matrix (DBM)
Periosteum was isolated from the fresh femurs of Beagle dogs (provided by the experimental animal center of our university). Slices (2 cm × 2 cm × 5 cm) from the metaphysis were frozen for 6 months at -80°C, then degreased for 8 h in 98% acetone and decalcified for 48 h in 0.6 mol/L hydrochloric acid (HCl). A protein solution containing 2 mol/L calcium chloride (CaCl 2 ), 0.5 mol/L ethylene diamine tetraacetic acid (EDTA), and 8 mol/L LiCl was formulated (1:1:1) and then incubated with the degreased bone and decalcified bone for 4 h at 4°C. The bones were then washed 3 times with distilled water before undergoing lyophilization for 8 h. Following this, they were packed into bilayer polyethylene films and stored at 4°C for later use after disinfection with ethylene oxide for 48 h.
Construction of the DBM/BMSC complex and evaluation of the cell adhesion rate
Eight slices (3 mm × 3 mm × 3 mm) were made from DBM, disinfected with ethylene oxide for 48 h and placed into 6-well culture plates with 2 slices per well. The slices were soaked in DMEM for 48 h; the medium was changed 3 times to maintain the pH (7.2-7.3). Sterile gauze was used to absorb water after the slices were soaked in DMEM supplemented with 20% fetal calf serum for 12 h.
Osteoblastic differentiation was induced by incubating third-generation transfected BMSCs in highglucose DMEM (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) containing 100 U/mL penicillin, 100 µg/mL streptomycin, 50 ng/mL dexamethasone, 10 mmol/L β-glycerol phosphate and 50 µg/mL ascorbic acid. Following this, the cells were submitted to further culture. The medium was replaced every 2 days, and the cells were passaged when the confluency reached 80-90%.
A 0.25% trypsin solution was used to digest and collect second-generation canine BMSCs on day 7 of culture in osteogenic induction medium, and the cells were adjusted to a concentration of 2 × 10 9 cells/ mL. The DBM was deformed by sterile forceps, and the cell suspension was overlaid on the matrix as it was restored from the compression, creating negative pressure. In this way, the cells were aspirated into the bottom of the DBM stent until the DBM was completely soaked by the cell suspension. Then, 2 mL of the cell suspension was added to each DBM sample, and the samples were cultured at 37°C under 5% CO 2 and at saturated humidity for 5 h. Osteogenic induction medium supplemented with 10% fetal bovine serum was then added to the culture plate, and the numbers and adhesion rates for the DBM/BMSCs were calculated 
Establishment of canine model of ONFH
Thirty Beagle dogs were weighed and intravenously injected with 3% pentobarbital sodium (1 mL/ kg, 20090222-09, Tianjin Chemical Reagent Co. Ltd., Tianjin, China). After successful anesthesia, an incision was made on the lateral side of the right hip joint to expose the hip joint capsule from the posterior to the anteromedial side and the joint capsules and ligaments were then cut. A 4-mm-diameter drill bit was used to drill holes in the weight-bearing area of the right femoral head, and a full-thickness defect model was made in the area of the bilateral femoral heads. The thickness of the defect model was equal to that of the cartilage in the weight-bearing area of the femoral head in Beagle dogs. The procedures used to establish the left femoral head model were the same as those used for the right femoral head model. A model of ONFH (containing both the left and right femoral heads) was successfully established in all thirty animals.
Experimental grouping and material implantation
Thirty Beagle dogs were randomized equally into five groups: control, DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP (each with an n = 6). After being washed with normal saline, the excess tissues in the bone defect areas were removed. The defect areas were filled until the height of the area was equal to the surrounding cartilage tissue, and then the joint capsules and tissues were sutured. In the control group, the excess tissues in the bone defect areas were washed with normal saline, but the defect areas were not filled. DBM was used to fill the defect area in the DBM group, the BMSC-DBM composite was used to fill the defect area in the DBM/BMSC group, BMSCs transfected with Ad-BMP2-bFGF-GFP and combined with DBM were used to fill the defect area in the Ad-BMP2-bFGF-GFP group, and BMSCs transfected with Ad-GFP and combined with DBM were used to fill the defect area in the Ad-GFP group. All the implanted BMSCs were derived from autologous BMSCs. After surgery, all animals underwent X-ray examination to check on the filling (Fig. 1) . Injections of penicillin (8 × 10
5 U) were performed 3 days after the operation. The dogs were allowed to move freely after the operation.
Hematoxylin and eosin (HE) and Masson's trichrome staining
Two dogs per group were sacrificed at 3, 6, and 12 weeks after the operation. The samples of repaired femoral head cartilage were fixed with 4% formaldehyde, embedded in paraffin and sliced at a 5-μm thickness. The slices were observed under a light microscope and further examined using HE and Masson's trichrome staining. X-ray detection and evaluation X-ray examinations were performed (60 kV, 50 mA and 0.12 s) at 3, 6, and 12 weeks after the operation. The formation of new bone in the modeling area was scored using Image-Pro Plus 6.0 (Media Cybernetics, Washington, MD, USA) as follows: new bone of normal bone mineral density filling less than 25% of the defect area, 1 point; new bone of normal bone mineral density filling 25-50% of the defect area, 2 points; new bone of normal bone mineral density filling 50-75% of the defect area, 3 points; and new bone of normal bone mineral density filling 75-100% of the defect area, 4 points.
Measurement of new bone areas
HE staining was used to visualize the samples of repaired femoral head cartilage at 3, 6, and 12 weeks after the operation. The samples were fixed with 40 g/L paraformaldehyde for 24 h and dehydrated in increasing grades of 10% ethylene diamine tetraacetic acid (EDTA) decalcifying fluid. The tissues were dissected, embedded in paraffin, and sectioned to a 5-μm thickness. The sections were then stained for 5 min in 0.5% hematoxylin solution and immersed in distilled water for a short time. After washing with water, the samples were bleached for 1 h and rinsed with water. After undergoing dehydration through a gradient of 70% and 90% ethanol, the sections were stained in eosin solution for 3 min and then sealed with neutral gum. Cells were visualized under a microscope and then photographed. Four femoral heads per group were selected, and 3 sections of each femoral were extracted randomly and observed under a 4 × 100 visual field. To observe areas of new bone formation, four fields were selected from each section: two were used to observe the edge of the femoral heard and two to observe necrotic zones. The new bone that had formed contained a high proportion of scattered trabecular bone with clear margins, and numerous bone cells or osteoblasts surrounded by connective tissues could be seen in the trabecular bone. The images were analyzed to calculate the percentage of new bone area using an image analysis system (model HPIAS-1000, Imaging Company of Tongji Medical University, Shanghai, China) as follows: percentage of new bone formation area = new bone area / entire visual field × 100%.
Immunohistochemistry
Immunohistochemical staining to detect a CD34 monoclonal antibody (No: 12-0340, eBioscience, San Diego, CA, USA) was applied to the slices of the femoral head from each group at 3, 6, and 12 weeks after the operation. ABC immunohistochemical staining was performed. Positive staining located in the cytoplasms of vascular endothelial cells appeared yellow brown, and previously identified positive histological slices were chosen as positive controls. Four femoral heads were selected per group, and 3 sections of each femoral head were randomly extracted. The samples were observed under a 4 ×100 visual field. Four fields were selected from each section: two were used to observe the edge of the femoral head and two to observe necrotic zones. An HPIAS-1000 high-definition color pathological graphics context report system was used to measure the area containing new blood vessels and to count the density of the new blood vessels as follows: density of new blood vessels = the area of new blood vessels / total area × 100%.
Evaluation of compressive strength and bending strength
Healthy femoral heads were selected as controls 12 weeks after the operation. Four femoral heads from each group were flushed with normal saline, and the compressive strength and bending strength of Statistical analysis SPSS 19.0 (SPSS, Inc., Chicago, IL, USA) was used to analyze all data. Measurement data were expressed as the mean ± standard deviation (mean ± SD). Variance analysis was used to compare differences between multiple groups. The Student-Newman-Keuls (SNK) method was used for comparisons between two groups. Variables with a non-normal distribution were expressed as the median and interquartile range. The rank sum test was applied for intergroup comparisons. P < 0.05 indicated a statistically significant difference.
Results
Morphology and identification of canine BMSCs in each group
Primary cells were observed under an inverted microscope after 48 h of culture and a medium change (Fig. 2-A) . Sporadic adherent cells were scattered between suspended cells, which had a short-fusiform, triangle or polygon shape with strong light refraction from the cytoplasm. After 7 days of culture, the primary cells had spread across the bottom of the culture plate ( Fig. 2-B ). As the cell density increased, the cells merged into a long-fusiform 
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Cellular Physiology and Biochemistry shape and grew in aggregates. The expression of surface markers on third-generation BMSCs was investigated by flow cytometry (Fig. 2-C) . The percentages of cells expressing CD45, CD34, CD90 and CD105 were 0.04%, 3.82%, 96.43% and 93.17%, respectively, indicating that BMSCs had been successfully isolated and cultured.
Determining the optimal MOI for adenoviral infection of BMSCs
Obvious GFP expression could be observed two weeks after adenovirus infection, indicating that the virus was successfully delivered into the cells. The results of fluorescence staining when virus was delivered at an MOI of 100 are shown in Fig. 3-A . The viral infection rates for different viral titers are shown in Fig. 3-B . The infection efficiency exceeded 80% at an MOI of 100 and was significantly higher than that obtained at an MOI of 50, 200, or 400 (all P < 0.05).
BMP-2 and bFGF protein expression in BMSCs detected by Western blotting
Western blotting results are shown in Fig. 4 . At 48 h after transfection, the expression of BMP-2 and bFGF in the Ad-BMP2-bFGF-GFP group was significantly higher than in the Ad-GFP group and the normal group (all P < 0.05). BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. 
BMSC adhesion rates for each group
The rates of adhesion for the BMSCs overlaid onto DBM at different times are displayed in Fig. 5 . The adhesion rate was approximately 51.97% after 5 h, which increased to approximately 87.26% after 12 h and then to 92.31% after 24 h (P < 0.05).
Observation of BMSCs using HE staining
No infection or death was observed in the animals during the experiments. The results of HE and Masson's trichrome staining are shown in Fig. 6 and Fig. 7 , respectively. In boneimplant zones that were filled with collagen, extensive necrosis was found in trabecular bone, which spread to the medullary cavity. Many osteoclasts were present, and empty 6 . Bone morphology and HE staining results in all five groups at 12 weeks after the operation Note: the bone morphology in each group at 12 weeks after the operation (HE staining, × 100); the arrow refers to the trabecular bone; BMSCs, bone marrow mesenchymal stem cells; HE, hematoxylin-eosin; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. 
Fig. 8 Skiagrams of the femoral heads of dog bones at 6 and 12 weeks after the operation in the control (a-b), DBM (c-d), DBM/BMSC (e-
Ad-BMP2-bFGF-GFP (g-h) and Ad-GFP (i-j) groups
Note: DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus cont plasmid encoding green fluorescent protein lacuna could be observed in the control group at 12 weeks after surgery. The defect area included a substantial amount of collagen, indicating an osteogenic response, and there was little immature trabecular bone, which had an irregular structure, in the DBM group after 12 weeks. Although the DBM/BMSC group showed a significantly higher proportion of new trabecular bone by 12 weeks after the operation compared with the DBM group, most of the trabecular bone was immature, and necrotic bone tissue was present. Less necrotic bone was present in the DBM/BMSC group than the DBM group. There was also less collagenous tissue in the DBM/BMSC group than the DBM group. The filled area was covered by immature trabecular bone, with numerous clear bone cells on the surface. The proportion of collagenous tissue was further reduced in the Ad-BMP2-bFGF-GFP group at 12 weeks after the operation. The changes in the Ad-GFP group were consistent with those in the DBM/BMSC group.
Scoring new bone formation using X-ray
The results of X-ray examination showed that the defect areas in the control group could be clearly visualized 6 and 12 weeks after the operation. In the DBM group, no new bone formation was observed in the 6 th week, and only a small amount of new bone with a decreased density in the bone-implant zone was observed in the 12 th week after the operation. In the DBM/BMSC group, there was a small amount of new bone but no continuous trabecular bone by 6 weeks after the operation, and some trabecular bone but with uneven density in the bone-implant zone was observed in the 12 th week. In the Ad-BMP2-bFGF-GFP group, there was formation of new bone tissue but at a low density at 6 weeks after the operation; by 12 weeks, there was a substantial amount of new bone tissue with nearly normal density in the bone-implant zone. In the Ad-GFP group, there was some new bone tissue but no continuous trabecular bone at 6 weeks after the operation, but a substantial amount of new bone had formed but with uneven density in the bone-implant zone by 12 weeks. The Ad-GFP group had similar characteristics to the DBM/BMSC group (Fig. 8) .
The X-ray score for each group is shown in Table 1 . The Ad-BMP2-bFGF-GFP group had significantly higher scores than the control, DBM, DBM/BMSC and Ad-GFP groups at all time points (all P < 0.05). The DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups also had significantly higher scores than the control group at all time points (all P < 0.05). The DBM/ BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups had significantly higher scores than the DBM group at all time points (all P < 0.05). The DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups had significantly higher scores at 6 and 12 weeks after the operation compared to 3 weeks after the operation (all P < 0.05).
Assessments of new vessel density and new bone area in each group
The results from the quantitative analysis of new bone area are shown in Table 2 and Fig. 9A . The measurements of new blood vessel density are shown in Table 3 and Fig. 9B . HE staining during the 6 th week after the operation showed that the control group defect area was filled with connective tissue and little new bone. Incomplete absorption of filler appeared in the DBM and DBM/BMSC groups. By contrast, the filler was completely absorbed and formed many new regions of trabecular bone with high blood vessel density in the Ad-BMP2-bFGF-GFP group, and there was a substantial area of new bone tissue in the Ad-GFP group. Immunohistochemical staining showed a low density of new blood vessels and little increase in this density over time in the control and DBM groups. Compared with the control and DBM groups, there was a higher density of new blood vessels and an increase in this density over time in the DBM/BMSC and Ad-GFP groups. The Ad-BMP2-bFGF-GFP group had the highest density of new blood vessels, indicating that this group experienced the greatest degree of repair. Quantitative analysis using image analysis software revealed significantly Table 1 . Scoring of new bone formation detected by X-ray among the different groups (mean ± SD). Note: a , refers to P < 0.05 compared with the control group at the same time;
b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3 rd week; SD, standard deviation; BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. Note: a , refers to P < 0.05 compared with the control group at the same time; b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3 rd week; SD, standard deviation; BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. Table 2 . Relative quantitative analysis of the new bone area formed at different time points among the 5 tested groups (mean ± SD, n = 48). Note: a , refers to P < 0.05 compared with the control group at the same time; b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3rd week. BMSCs, SD, standard deviation; bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. 32 .91 ± 0.48 abd Note: a , refers to P < 0.05 compared with the control group at the same time; b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3rd week. BMSCs, SD, standard deviation; bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. Table 3 . New blood vessel density at different time points among the 5 tested groups (mean ± SD, n = 48). Note: a , refers to P < 0.05 compared with the control group at the same time; b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3rd week; SD, standard deviation; BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. Note: a , refers to P < 0.05 compared with the control group at the same time; b , refers to P < 0.05 compared with the DBM group at the same time; c , refers to P < 0.05 compared with the DBM/BMSC group or the Ad-GFP group at the same time; d , refers to P < 0.05 compared with the same group in the 3rd week; SD, standard deviation; BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein.
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Cellular Physiology and Biochemistry Fig. 9 . Formation of new bone and blood vessels at 6 weeks after the operation in each group visualized using HE staining and immunohistochemistryNote: A, formation of new bone in each group; the observed area in the control group was filled with connective tissue and was loosely associated with the main bone tissue; the DBM group showed little new bone tissue and incomplete absorption of filler (shown by arrows); the DBM/BMSC group showed little new bone tissue but greater absorption of filler than the DBM group (shown by arrows), indicating a greater degree of repair; the Ad-BMP2-bFGF-GFP group showed complete absorption of filler and a high degree of trabecular bone formation and blood vessel formation (shown by arrows); the Ad-GFP group showed a high degree of new bone tissue formation (shown by arrows). B, formation of new blood vessels in each group; the control and DBM groups had a low density of new blood vessels; the DBM/BMSC and Ad-GFP groups had a higher density of new blood vessels than the control and DBM groups; the Ad-BMP2-bFGF-GFP group had the highest density of new blood vessels, indicating that this group experienced the greatest degree of repair. The hollow arrows represent new blood vessels. refers to P<0.05 compared with the DBM group; c refers to P<0.05 compared with the DBM/BMSC group or the Ad-GFP group; BMSCs, bone marrow mesenchymal stem cells; DBM, demineralized bone matrix; BMP-2, bone morphogenetic protein 2; bFGF, basic fibroblast growth factor; Ad-GFP; adenovirus control plasmid encoding green fluorescent protein. and Ad-GFP groups had significantly higher blood vessel density and a larger area of new bone formation than the DBM group at all time points (all P < 0.05). The DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups all showed a larger area of new bone and a higher blood vessel density at 6 and 12 weeks after the operation compared to at 3 weeks (all P < 0.05).
Compressive strength and bending strength among different groups Each group's results from the compressive strength testing at 12 weeks after surgery are shown in Fig. 10 -A, and a comparison of bending strength is shown in Fig. 10-B . The Ad-BMP2-bFGF-GFP group had significantly greater compressive strength and bending strength than the control, DBM, DBM/BMSC and Ad-GFP groups (all P < 0.05). The DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups had significantly greater compressive strength and bending strength than the control group (all P < 0.05). The DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups had significantly greater compressive strength and bending strength than the DBM group (all P < 0.05).
Discussion
In this study, we investigated the reparative effect of Ad-BMP-2/bFGF-modified BMSCs combined with DBM on ONFH in 30 Beagle dogs. ONFH models were successfully established in all specimens. We demonstrated that the protein expression of BMP-2 and bFGF was higher in the BMSCs transfected with the adenovirus vector plasmid Ad-BMP2-bFGF-GFP. The combination of these modified BMSCs with DBM (Ad-BMP2-bFGF-GFP group) was the more effective treatment for ONFH compare with the other four groups showing a larger area of new bone, higher X-ray scores, greater neovascularization density, and increased compressive and bending strength.
Initially, we found that necrosis of the trabecular bone and medullary cavity and the compression of empty lacuna were visible in the control group at 12 weeks after surgery. The major pathological change associated with ONFH is the obstruction of blood supply, which interrupts the microcirculation in the femoral head [21] . As a result, necessary nutrients may not be delivered to the bone tissues, causing the death of osteocytes, bone marrow edema and ultimately the destruction of bone structure [22] . In the 12 th week after the operation, the DBM group showed osteogenesis in the vicinity of the defect area, which gradually expanded to the central part of the femoral head. Allograft tissue was used to create the DBM, which also contained BMPs, collagen, and synergistic proteins including transforming growth factor and insulin-like growth factor. The presence of this milieu suggests that the DBM had both osteoinductive and osteoconductive ability, which led to excellent bony fusion [23, 24] . Compared to recombinant growth factors, DBM is less expensive and is not limited in quantity. However, there are some disadvantages with using DBM, including its inherently variable osteoinductive potential [25] . Variability is present among different donors and carriers and also results from the demineralization and sterilization methods used, which may lead to unpredictable treatment results. Furthermore, the type of DBM used can affect the final treatment outcome [26] . Another potential concern stems from animal studies indicating that the use of DBM can be nephrotoxic [27] . In the present study, the DBM/BMSC group showed an increase in trabecular bone and a significant decrease in necrotic tissue by 12 weeks after the operation. DBM has a fibrous and porous structure, which should theoretically allow both cell adhesion and growth. This structure also plays a role in the penetration of nutrients into the matrix, which accelerates cell proliferation [28] . DBM also contains a large amount of BMP and has shown osteoinductive potential in vivo [29] . BMSCs are a promising seed-cell source for bone repair, which can be achieved using micro-fracture surgery [30] . Thus, combining BMSCs with DBM should have a synergistic effect on the treatment of bone defects. Moreover, when DBM, a resorbable biomaterial, is seeded with BMSCs, it can promote the adhesion and proliferation of MSCs [31] . In the present study, when the bone defect areas in the Ad-BMP2-bFGF-GFP group were filled with Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry mature trabecular bone, a large number of bone cells were visible on the surface by 12 weeks after the operation. BMP is the most useful growth factor with osteoinductive ability [32] . Among the known BMPs, BMP-2 has the most pronounced effect on promoting defect repair and in healing fractures [33] . bFGF, a potent angiogenic factor and bone regeneration factor, induces specialization of MSCs in vitro and bone repair in vivo [17] . bFGF-modified BMSCs could accelerate healing after anterior cruciate ligament (ACL) reconstruction. Furthermore, previous studies have demonstrated the superiority of using gene transfer to deliver multiple growth factors for treating orthopedic diseases such as osteoarthritis and ACL injuries [34, 35] . Thus, it is reasonable for us to hypothesize that the simultaneous gene transfer of BMP2 and bFGF would synergistically achieve more efficient bone repair than either gene alone. The X-ray imaging results from the 5 test groups indicated that the Ad-BMP-2/bFGF group had the greatest degree of bone regeneration. ONFH reduces blood flow to the femoral head, causing the necrosis of marrow and bone as well as the collapse of the femoral head. These features occur when blood flow is reduced by a mere 20% or more compared with that found in healthy people [2] . Bone repair is closely connected with the presence of blood vessels in the bone, and bone formation is initiated and supported by these vessels during bone growth [36] . Osteonecrosis is an orthopedic disease caused by diminished blood supply to the bone and will ultimately result in the death of osteocytes and BMCs [37] . Importantly, in the present study, the compressive strength and bending strength in the Ad-BMP2-bFGF-GFP group were greater than those of the other groups at 12 weeks after the operation. The DBM, DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups also had greater compressive strength and bending strength than the control group, and the DBM/BMSC, Ad-BMP2-bFGF-GFP and Ad-GFP groups had greater strength than the DBM group.
At 6 weeks after the operation, there was little appearance of new bone and incomplete absorption of filler in the DBM and DBM/BMSC groups. However, there was a large amount of new trabecular bone and an increased number of blood vessels in the Ad-BMP2-bFGF-GFP group. A previous study showed that expression of the BMP-2 gene was reduced in an exogenous necrosis rabbit model of the femoral head, which indicated that BMP-2 expression strongly impacts the pathogenesis of the femoral head [38] . Another study reported that enhancing bFGF gene expression could be useful for treating osteonecrosis [39] .
In summary, our study demonstrated that the application of Ad-BMP-2/bFGF-modified BMSCs combined with DBM could successfully repair ONFH in a dog model by promoting bone formation and angiogenesis. These results provide a new direction for the treatment of ONFH. However, it should be noted that the treatment is still quite complex, and many theoretical and practical problems must still be resolved. The simultaneous delivery of two genes in this study promoted both vascularization and osteogenesis, suggesting that Ad-BMP-2/bFGF-modified BMSCs offer a new direction for the treatment of ONFH.
